Mass-spectrometry-based methods for relative proteome quantification have broadly affected life science research. However, important research directions, particularly those involving mathematical modelling and simulation of biological processes, also critically depend on absolutely quantitative data-that is, knowledge of the concentration of the expressed proteins as a function of cellular state. Until now, absolute protein concentration measurements of a considerable fraction of the proteome (73%) have only been derived from genetically altered Saccharomyces cerevisiae cells 1 , a technique that is not directly portable from yeast to other species. Here we present a mass-spectrometry-based strategy to determine the absolute quantity, that is, the average number of protein copies per cell in a cell population, for a large fraction of the proteome in genetically unperturbed cells. Applying the technology to the human pathogen Leptospira interrogans, a spirochete responsible for leptospirosis 2 , we generated an absolute protein abundance scale for 83% of the mass-spectrometrydetectable proteome, from cells at different states. Taking advantage of the unique cellular dimensions of L. interrogans, we used cryo-electron tomography morphological measurements to verify, at the single-cell level, the average absolute abundance values of selected proteins determined by mass spectrometry on a population of cells. Because the strategy is relatively fast and applicable to any cell type, we expect that it will become a cornerstone of quantitative biology and systems biology.
Mass-spectrometry-based methods for relative proteome quantification have broadly affected life science research. However, important research directions, particularly those involving mathematical modelling and simulation of biological processes, also critically depend on absolutely quantitative data-that is, knowledge of the concentration of the expressed proteins as a function of cellular state. Until now, absolute protein concentration measurements of a considerable fraction of the proteome (73%) have only been derived from genetically altered Saccharomyces cerevisiae cells 1 , a technique that is not directly portable from yeast to other species. Here we present a mass-spectrometry-based strategy to determine the absolute quantity, that is, the average number of protein copies per cell in a cell population, for a large fraction of the proteome in genetically unperturbed cells. Applying the technology to the human pathogen Leptospira interrogans, a spirochete responsible for leptospirosis 2 , we generated an absolute protein abundance scale for 83% of the mass-spectrometrydetectable proteome, from cells at different states. Taking advantage of the unique cellular dimensions of L. interrogans, we used cryo-electron tomography morphological measurements to verify, at the single-cell level, the average absolute abundance values of selected proteins determined by mass spectrometry on a population of cells. Because the strategy is relatively fast and applicable to any cell type, we expect that it will become a cornerstone of quantitative biology and systems biology.
The developed strategy combines three mass-spectrometry-based proteomic methods: absolute quantification using isotope-labelled reference peptides 3 , label-free quantification, and high-throughput proteome sequencing by liquid chromatography-tandem mass spectrometry (LC-MS/MS) 4 . In the first step, we used isoelectric focusing by off-gel electrophoresis to fractionate tryptic digests of whole-cell protein extracts 5 and high-performance liquid chromatographymatrix-assisted laser desorption (HPLC-MALDI) and liquid chromatography-electrospray ionization (LC-ESI) tandem mass spectrometry using directed precursor ion selection 6 to identify the peptides contained in the respective fractions. Under the selected growth conditions we could identify 2,221 proteins, corresponding to 61% of the open-reading frames (ORFs) predicted from the L. interrogans genome 2 . From more than 90 LC-MS/MS runs, more than 410,000 fragment ion spectra (MS/ MS spectra) were acquired, of which 145,703 were assigned to 18,303 unique peptides at a peptide false discovery rate (FDR) of less than 1% 7 . The identified peptides and proteins were assembled into a PeptideAtlas instance as previously described 8 (http://www.peptideatlas.org; see Supplementary Information for more information).
In the second step, we selected 32 peptides from the PeptideAtlas corresponding to 19 proteins at different abundance levels, determined by the number of matched MS/MS spectra acquired in the first step (spectral counts). The absolute abundance levels for the 19 proteins were determined using selected-reaction monitoring (SRM) and heavy-stable-isotope-labelled reference peptides 3 Table 1 ). By knowing the number of cells used to generate the sample and the amount of the heavy labelled peptides added, the copy number for the selected proteins could be calculated. The cellular abundance of these anchor proteins ranged from 40 to 15,000 copies per cell (Supplementary Table 1 ).
(Supplementary
In the third step we used extracted precursor ion intensities for peptides derived from LC-MS maps acquired from trypsinized cell lysates. We then calculated the total protein ion intensity for the respective proteins by using the median intensities from the three most intense peptides matching to a specific protein [9] [10] [11] . The 19 anchor proteins with SRM-determined copy numbers then acted as calibration points for translating the relative abundance measurements based on extracted peptide precursor ion intensities 4 and spectral counting into absolute abundance measurements. Absolute protein abundance estimates were thereby obtained for 769 proteins using extracted ion intensities, and the absolute abundance of a further 1,095 proteins was estimated by spectral counting 12 (Supplementary Table 2 ). The number of proteins with estimated absolute protein abundance corresponds to 51% of the ORFs predicted from the L. interrogans genome. At a logarithmic scale, the extracted ion intensities correlate well with the absolute protein abundance (Fig. 1a ). The accuracy of the absolute abundance measurement was determined by bootstrapping the extracted protein ion intensities against the SRM values. This statistical analysis allows different sets of reference peptides to be validated independently, by randomly removing a fraction of the data set, rebuilding the linear model and estimating the protein concentration of the initially removed data points. Because the real value of these data points is known from the SRM measurements, the average error can be estimated by multiple sampling events. The bootstrapping provided an estimated average error rate of 1.8-fold for the extracted ion intensities, and ,threefold for the spectral counting ( Fig. 1b and Supplementary  Fig. 4 ). Therefore, by using this three-step approach relying on three complementary mass spectrometry methods, we generated a proteome map of absolute protein concentrations for 51% of the ORFs predicted from the L. interrogans genome, corresponding to 83% of the proteome observable by deep proteome mapping, with an average error rate of less than threefold.
To assess the accuracy of the absolute protein abundance values generated by mass spectrometry, we applied cryo-electron tomography (cryoET) as an orthogonal and independent method. The extraordinarily thin cross section of L. interrogans cells (100-180 nm) makes them an ideal specimen for cryoET measurements 13 . We assessed the accuracy of the mass-spectrometry-derived absolute abundance values in vivo by benchmarking against distinct morphological features with known subunit composition and structure, using a library of cryoelectron tomograms, covering subvolumes of more than 40 individual L. interrogans cells. The selected structures used to benchmark the absolute protein abundance estimations have been studied in depth both in vitro and in vivo using biochemical and structural biology techniques, and their structure and composition are known. The following features were analysed: (1) flagellar length, (2) flagellar motor, (3) methyl-accepting chemotaxis protein (MCP) receptors, and (4) total cellular protein concentration.
L. interrogans cells contain two periplasmic flagella that emanate from flagellar motors at both poles ( Fig. 1c , red) and protrude towards the middle of the cell. The flagella are obvious features in L. interrogans cryo-electron tomograms ( Fig. 1 and Supplementary  Fig. 3 , blue). FlaB1, the major core component and the most abundant flagellar protein, was estimated by mass spectrometry at 12,000 copies per cell. We determined that each cell contained 2,000 copies of flagellar protein FlaB2, 300 copies of FlaB3 and 3,500 copies of FlaB4. Both flagella combined thus contain an estimated average of 17,800 FlaB proteins organized into 11 protofilaments 14 , with an intersubunit spacing of ,52 Å . From these data we calculated an average length of both flagella of 8.4 mm. This correlates well with the measured flagellar length, on the basis of the following considerations. The average cell length is 11.5 mm (determined from low magnification projection images, data not shown), and the combined length of both flagella is lower than the average cell length, as is apparent from the tomograms as shown in Supplementary Fig. 3 .
The structure and protein composition of bacterial flagellar motors have been previously determined in various species 15, 16 . The flagellar motor is an obvious structure in tomograms of L. interrogans ( Fig. 1 , red features). One of its components, FliF, has been shown to occur in 26 copies per motor in Salmonella typhimurium 15, 16 . From the acquired tomograms we conclude that each L. interrogans cell has one motor at each pole, and assuming evolutionary conservation of the subunit composition, FliF is expected to occur in 52 copies per cell. For this low abundant protein, the average FliF copy number measured by mass spectrometry was 43, which is in agreement with the expected value within the estimated accuracy of the method.
MCPs function in metabolite sensing 17 , forming arrays that are straightforward to discern by cryoET 18 and localize to the proximity of the flagellar motor in L. interrogans ( Fig. 1c , green features). A receptor unit cell contains six molecules of MCPs that occupy an area of ,50 nm 2 . By quantitative mass spectrometry we found 6,000 MCPs per cell, which translates into an estimated area of about 50,000 nm 2 per cell occupied by the receptors. This estimate is in agreement with the area occupied by receptor arrays in the tomograms, which was shown to occupy 40,000 nm 2 (200 nm 3 100 nm per pole).
On the basis of the proteome-wide absolute abundance data and the cell volume measurements by cryoET, we determined the total cellular protein concentration to be ,250 mg ml 21 by summing all protein copies and dividing by the volume. This protein concentration is in agreement with earlier studies in Escherichia coli 19 . In summary, on the basis of the validation of the quantitative mass spectrometry data with an orthogonal method, we can confirm the estimated accuracy of the determined absolute abundance protein scale. The dynamic range of absolute abundance scale spans minimally three orders of magnitude from 40,000 copies per cell for protein LipL32 to single digit protein copies for low abundant proteins (Supplementary Table 2 ). The mass spectrometric approach described here is generic, whereas the validation of the data by cryoET is dependent on the cellular dimensions and is therefore not generic.
After the original proteome map of a bacterial species has been established, absolute protein quantification in repeat measurements of differentially perturbed cells is possible and straightforward. We investigated the quantitative changes in the L. interrogans proteome caused by treatment with ciprofloxacin, an antibiotic that inhibits DNA-gyrase 20 . Leptospira interrogans cells were counted and collected at three different time points of treatment, 3, 24 and 48 h, in five independent biological experiments, and the proteins were extracted and digested followed by mass spectrometric analysis. On average, around 1,000 proteins per state could be identified and quantified with absolute protein concentrations. Within the set of observed proteins, more than 200 proteins changed their protein abundance more than twofold (Supplementary Table 2 ).
In contrast to typical quantitative proteomics investigations, in which relative abundance levels are obtained that support the comparison of protein abundance between the same protein across samples, this approach allows comparisons between different proteins across samples. This is exemplified in Fig. 2 , in which the identified proteins were grouped into biological functions using Gene Ontology analysis 21 . By taking into account the protein copy numbers determined in this study and the protein length, the fraction of the cellular protein synthesis budget associated with a particular cellular function could be calculated. The data indicate a considerable discrepancy between the number of ORFs and the number of protein molecules within a certain Gene Ontology group. More than 40% of the ORFs (30% of the identified proteins) in L. interrogans are hypothetical, and are associated with unknown biological processes. By summing up the total copy number of all proteins belonging to this group and multiplying by the protein length and comparing it to the total number of cellular proteins and their protein length, we estimate that the hypothetical proteins constitute only 12.7% of the total cellular protein synthesis budget (Fig. 2, blue) . This indicates that the hypothetical proteins are generally of low abundance. Leptospira interrogans cells invest a large fraction of their cellular protein synthesis budget on the processes of protein synthesis and folding, cell motility and especially the proteins of the external encapsulating structure. In contrast, chemotaxis, even though it involves a large number of genes, has only a moderate impact on the protein synthesis budget. It is noteworthy that the cell invests a large proportion of the total protein synthesis budget to maintain a relatively small group of proteins at a very high cellular concentration, as in the case of the proteins of the external encapsulating structure (Fig. 2, bright green) , suggesting that the functions carried out by these proteins are critical for the cell (for more information see Supplemen tary Information).
The ability to detect the absolute concentration of a significant fraction of the proteome also allowed us to examine how the proteome as a whole compensated for the changes of expression of specific proteins. As an example, after exposure to ciprofloxacin the cells reacted to the DNA-topoisomeric stress by a 15-fold upregulation of recombinase A, a measurement that is consistent with literature values 22, 23 . The increase in recombinase A was accompanied by an enormous increase in 15 hypothetical proteins that comprised approximately 20% of the entire proteome after ciprofloxacin treatment ( Fig. 2) . Interestingly, this large redistribution of the proteome did not significantly change the total cellular protein concentration. Therefore, the large increase in the abundance of the group of previously hypothetical proteins after ciprofloxacin exposure was compensated by a slight reduction of other high abundant protein classes, such as the ribosomal proteins and proteins involved in nucleotide binding (Fig. 2, red) . This indicates that in L. interrogans, the cells strive to maintain a certain total number of protein components, that is, a constant cellular proteome concentration.
In this study, we describe an integrated mass spectrometric technique for the determination of the absolute concentration of proteins representing a significant fraction of the proteome of genetically unperturbed microbial cells. The technique was applied to the proteome of L. interrogans, a microbial species with a sequenced genome containing 3,658 predicted ORFs 2,24 . Out of the 2,221 identified proteins, 1,864 proteins, representing 51% of the predicted proteome, were provided with estimated copy per cell numbers. The cellular protein concentrations estimated by the technique were assessed by bootstrapping and by the orthogonal method, cryoET tomography, which allowed us to detect, quantify and localize specific protein complexes in single L. interrogans cells in near-life state. The cryoET tomography measurements were possible on whole L. interrogans cells owing to the extraordinarily high cytoplasmic contrast and the unusual dimensions of the cells. The validated method was applied to study the reorganization of the L. interrogans proteome after exposure to the antibiotic ciprofloxacin. The data indicate that the cells react by expressing massive amounts of a small number of normally unexpressed proteins of unknown function while keeping the total cellular protein constant. The described technique is fast, efficient and can be applied to various biological systems of low and medium complexity in future studies.
METHODS SUMMARY
Leptospira interrogans serovar Copenhageni cells of the strain Fiocruz L1-130 were cultivated as previously described 25 and perturbed for 24 h with 5 mg ml 21 ciprofloxacin (antibiotic treatment). To establish the proteome map, peptides from trypsinized full cell lysates were separated by off-gel electrophoresis using twice the 3-10 pI range and once the 3-7 pI range. After isoelectric focusing, the fractions were subjected to LC-MS/MS as previously described 5, 26 . MS/MS spectra were searched using SEQUEST against the predicted proteome from Leptospira interrogans serovar Copenhageni str, complete genome (NCBI accession numbers NC_005823 and NC_005824). The data were integrated into PeptideAtlas as previously described 8 , and are available for browsing and downloading at http://www.peptideatlas.org/. To determine the absolute protein quantities, the cells were counted and collected by centrifugation. After cell lysis, the proteins were digested with trypsin followed by C18 reversed-phase peptide clean-up. Peptide quantification was determined by SRM as previously described 27 , on the basis of heavy labelled reference peptides. For determination of MS1 (precursor ion) intensities, samples were analysed with a hybrid LTQ-FT-ICR mass spectrometer operated as previously described 6 and MS1-based peak extraction and alignment into MasterMaps were done using SuperHirn 4 . Cells from stimulated or non-stimulated cultures, respectively, were pipetted onto Quantifoil R2/1, 200 mesh copper grids (Plano), rapidly plunge-frozen into liquid ethane 28 and then introduced into a Technai F20 cryo-electron microscope (FEI). Tomograms were acquired and reconstructed as previously described 29 .
METHODS
Cell culture and treatment. The Leptospira interrogans serovar Copenhageni of the strain Fiocruz L1-130 were obtained from the American Type Culture Collection (ATCC) and cultivated as described previously 25 . Cultures of 30 ml were grown at 30 uC to a density of 2 3 10 7 cells ml 21 , and treated with the antibiotic ciprofloxacin (5 mg ml 21 ) for 3, 24 and 48 h. Afterwards, the cells were collected by centrifugation at 3,000g, washed once in PBS, counted, pelleted again, resuspended in 2 ml denaturation buffer (100 mM HEPES, pH 7.6, 6 M urea), sonicated for 5 min and stored at 280 uC. Protein digestion. The proteins were reduced with 5 mM dithiothreitol (DTT) for 45 min at 37 uC, and alkylated with 25 mM iodoacetamide for 45 min in the dark before diluting the sample with 100 mM HEPES at pH 8.5 to a final urea concentration below 1.5 M urea. Proteins were digested by incubation with trypsin (1/100, w/w) for at least 6 h at 37 uC. The peptides were cleaned up by C18 reversed-phase spin columns according to the manufacturer's instructions (Harvard Apparatus).
Off-gel electrophoresis. The dried-down peptides were resolubilized to a final concentration of 1 mg ml 21 in off-gel electrophoresis buffer containing 6.25% glycerol and 1.25% IPG buffer (GE Healthcare). The peptides were separated on both pH 3-10 IPG strips and pH 3-7 IPG strips (GE Healthcare) with a 3100 OFFGEL fractionator (Agilent) as previously described 30 , using a protocol of 1 h rehydration at maximum 500 V, 50 mA and 200 mW followed by the separation at maximum 8,000 V, 100 mA and 300 mW until 50 kVh were reached. After isoelectric focusing, the fractions were concentrated and cleaned up by C18 reversed-phase spin columns according to the manufacturer's instructions (Harvard Apparatus). Shotgun mass spectrometry. The setup of the micro-capillary reversed phase liquid chromatography (mRPLC)-MS system was as described previously 5, 26 . ESIbased LC-MS/MS (LTQ ThermoFinnigan, Thermo Fisher Scientific) analyses were carried out using an Agilent 1100 series (Agilent Technologies) on a 75 mM 3 10.5 cm fused silica microcapillary reversed phase column. After sample loading, the samples were separated by a 65 min linear gradient of 5 to 35% acetonitrile in water, containing 0.1% formic acid, with a flow rate of 200 nl min 21 . Peptides eluting from the capillary column were selected for collision activated dissociation (CAD) by the mass spectrometer using a protocol that alternated between one MS scan and three MS/MS scans. The specific m/z value of the peptide fragmented by CAD was excluded from reanalysis for 2 min using the dynamic exclusion option. The hybrid LTQ-FT-ICR mass spectrometer was interfaced to a nanoelectrospray ion source (both from Thermo Electron) coupled online to a Tempo 1D-plus nanoLC (Applied Biosystems/MDS Sciex). Peptides were separated on a RPLC column (75 mm 3 15 cm) packed in-house with C18 resin (Magic C18 AQ 3 mm; Michrom BioResources) using a linear gradient from 98% solvent A (98% water, 2% acetonitrile, 0.15% formic acid) and 2% solvent B (98% acetonitrile, 2% water, 0.15% formic acid) to 30% solvent B over 90 min at a flow rate of 0.3 ml min 21 . Three MS/MS spectra were acquired in the linear ion trap per each Fouriertransform ion cyclotron resonance (FT-ICR)-MS scan which was acquired at 100,000 full-width at half-maximum nominal resolution settings with an overall cycle time of approximately 1 s. The specific m/z value of the peptide fragmented by CAD was excluded from reanalysis for 0.5 min using the dynamic exclusion option. Charge state screening was used to select for ions with at least two charges and reject ions with undetermined charge state. The normalized collision energy was set to 32%, and one microscan was acquired for each spectrum. For quantification, the SuperHirn peak extraction and alignment algorithm were used and peptide quantities were determined from the ion current of the specific signal 4 .
HPLC and spotting for MALDI analysis. The different sample fractions were loaded onto a RP capillary column (100 mm i.d. 3 15 cm length) by a Famos micro-autosampler from Eksigent. The column was in-house packed with Magic C18AQ (200 Å pore, 5 mm diameter, Michrom Bioresources) onto the capillary tubing with a borosilicate frit (Integrafrit, New Objective). Chromatographic separations were carried out with a nanoLC pump (Eksigent) at 500 nl min 21 flow rate using a solvent composition gradient of solvent A (water/acetonitrile/ trifluoroacetic acid, 98/2/0.1, v/v/v) and B (water/acetonitrile/trifluoroacetic acid, 2/98/0.1, v/v/v). A linear binary gradient of 5-40% solvent B was generated over 50 min, followed by 5 min flush at 90% solvent B. The eluting peptides were mixed with MALDI matrix (3 mg ml 21 of a-cyano-4-hydroxycinnamic acid in 70% acetonitrile and 0.1% trifluoroacetic acid spiked with angiotensin II, 0.5 pmol ml 21 (Sigma) and ACTH, 1.25 pmol ml 21 (Proteomass)) delivered with a flow rate of 1.4 ml min 21 and spotted on to the MALDI targets at a 5-s interval by MALDI spotter of Tempo nano LC system (Applied Biosystems) for a total of 616 spots per gradient run.
MALDI-time of flight (TOF)/TOF mass spectrometry analysis. MS and MS/ MS analysis was performed using a 4800 MALDI-TOF/TOF Analyser (Applied Biosystems). Each spot was first analysed in mass spectrometry mode, by accumulating signal with up to 1,000 laser shots (20 sub-spectra of 50 shots) over the mass range 800-4,000 Da unless a preset stop criteria of 10 sub-spectra was reached at which the accumulated spectrum contained at least five peaks with signal-to-noise (S/N) . 100. Up to ten ions of each spot giving a mass spectrometry signal with S/N . 30 were then candidates for further MS/MS analysis, performed in order of increasing precursor intensity. The job-wide interpretation, which generated the list of precursor ions and assigned the most intensive spot of a precursor ion for MS/MS analysis, was used for each sample, and the acquisition of an MS/MS spectrum was obtained by accumulating 1,500 laser shots (30 subspectra of 50 shots) with the collision energy of 1 kV. The source air pressure was set to 2.5 3 10 26 torr for MS/MS analysis and 5 3 10 27 torr for MS analysis. Data processing and compilation of PeptideAtlas. MS/MS spectra were searched using the SEQUEST search tool 31 against the predicted proteome from Leptospira interrogans serovar Copenhageni str, complete genome NCBI genome number NC_005823 and NC_005824 (http://www.ncbi.nlm.nih.gov/entrez), consisting of 3,658 proteins, as well as known contaminants, such as porcine trypsin and human keratins (Non-Redundant Protein Database, National Cancer Institute Advanced Biomedical Computing Center, 2004, ftp:// ftp.ncifcrf.gov/pub/nonredun/). The search was performed with semi-tryptic cleavage specificity, mass tolerance of 3 Da, methionine oxidation as variable modification and cysteine carbamidomethylation as fixed modification. The database search results were further processed using the PeptideProphet program 7 modified to include the pI information 5 . The PeptideAtlas build was constructed using the sequence search results of 145,703 MS/MS spectra with a P $ 0.9. We identified 18,303 unique peptides at a peptide FDR of less than 1% 7 , which represented 2,221 proteins at a protein FDR of less than 1%. Overall, the identified proteins matched to 61% of the predicted gene models and contained 75% (1,291 proteins) of the known or characterized proteins, 51% (85) of the proteins with putative function, and 49% (867) of the hypothetical proteins. The data was compiled into a publicly accessible instance of PeptideAtlas 8 to facilitate further studies of Leptospirosis using targeted proteomics. We used Gene Ontology analysis 21 to group the identified proteins according to their cellular function. All the data are available for browsing and downloading at http://www.peptideatlas.org/. Targeted mass spectrometry. Absolute protein concentration was determined by SRM on the basis of heavy-labelled reference peptides that served as internal standards ( Supplementary Table 1 ). Reference peptides were obtained from Thermo Fisher Scientific and Sigma-Aldrich in defined concentrations calibrated by amino acid analysis. SRM was performed on a hybrid quadrupolelinear ion trap mass spectrometer (4000 QTRAP) as previously described 27 . The instrument was coupled to a Tempo Nano LC system (Applied Biosystems/MDS Sciex) for peptide separation using a 30 min gradient from 5 to 30% acetonitrile (0.1% formic acid) at 300 nl min 21 flow rate. A fused silica emitter of 75 mm inner diameter was packed in-house with 15 cm Magic C18AQ (200 Å pore, 5 mm diameter, Michrom Bioresources). Quantitative analyses in SRM mode were performed with Q1 and Q3 operated in unit resolution (0.7 m/z half-maximum peak width). Five biological replicate measurements were carried out for each sample. The results from the absolute quantification experiments by SRM are summarized in Supplementary Table 1 . Cryo-electron tomography and image processing. Cells from stimulated or untreated cultures, respectively, were pipetted onto Quantifoil R2/1, 200 mesh copper grids (Plano), rapidly plunge-frozen into liquid ethane as described 28 and then introduced into a Technai F20 cryo-electron microscope (FEI) equipped with Gatan image filter. Tomograms were acquired as described 29 with the following modifications: an underfocus of 6.5 mm was used and the nominal magnification was 334,000, corresponding to an object pixel size of 0.63 nm at the specimen level. All image processing operations were performed with the EM-package 32 or Tom-package 33 for Matlab (The MathWorks). The three-dimensional surfacerendered representations were created with Amira (TGS). Tomograms were initially reconstructed with a binning factor of two, as described earlier 29 . To calculate the average cell volume the subvolume of several cells covered by tomograms was extrapolated to the entire cell length measured in low magnification projection images.
